A sensitive and stable enzyme biosensor based on efficient immobilization of acetylcholinesterase (AChE) to MWNTs-modified glassy carbon electrode (GCE) with chitosan (CS) by layer-by-layer (LBL) technique for rapid determination of carbofuran has been devised. According to the inhibitory effect of carbamate pesticide on the enzymatic activity of AChE, we use carbofuran as a model pesticide. The inhibitory effect of carbofuran on the biosensor was proportional to concentration of carbofuran in the range from 10 −10 g/L to 10 −3 g/L with a detection limit of 10 −12 g/L. This biosensor is a promising new method for pesticide analysis.
Introduction
As one group of the most commonly applied pesticides in agriculture, carbamate pesticides, which are typical examples exhibiting fairly high toxicity, have been used more and more extensively. Rapid determination and reliable quantification of trace level of carbamate pesticides are significant to healthiness and environment. The toxic action of carbamate pesticides is due to their ability to irreversibly modify the catalytic serine residue in acetylcholinesterase (AChE), and subsequent inhibition of the AChE effectively prevents nerve transmission by blocking breakdown of the transmitter choline [1] . When AChE was immobilized on the working electrode surface, its interaction with the substrate of acetylthiocholine obtained an electrochemically active product of thiocholine, which can produce an irreversible oxidation peak. The inhibitory effect of carbamate pesticides on AChE was monitored by measuring the decline of oxidation current of thiocholine.
Chitosan (CS) contains large groups of -NH 2 and -OH and has been widely used as a modifying reagent to prepare modified electrode due to its excellent biocompatibility, nontoxicity, cheapness, easy-handling, and high mechanical strength [2] . Its excellent advantages have gained growing interest in using it to immobilize biomolecules in recent years, especially immobilizing enzyme and constructing amperometric biosensors. Their advantages in sensing field include small size with larger surface, particularly the ability to facilitate electron transfer when being used as electrode [3, 4] ; on the other hand, carbon nanotubes (CNTs) are extremely promising for preparation of amperometric biosensors and applications in biochemical sensing field [5, 6] .
Among the fabrication of biosensor, immobilization of enzyme to solid electrode surface is a crucial step for the design of the biosensor [7] . In our work, CS is used for immobilization of AChE by using LBL technique, leading to a stable AChE biosensor for rapid determination of carbofuran. The presence of CS provides excellent sensitivity and stability of the biosensor and good precision of measurements.
Experimental
Oxidation of MWNTs and pretreatment of GCE were prepared according to our previous work [8] . Then by dipping into borate buffer solution (pH 9.18) for 15 min, the functional groups of MWNTs can be negatively charged. Afterwards, the modified electrode was immersed into 0.5% CS acetic acid solution (the pH was adjusted to 5.0 with NaOH) and 1 mg/mL MWNTs solution of pH 9.18 borate buffer solution for 15 min alternately; a five-MWNTs/CS bilayer can be obtained. After preparing MWNTs/CS/ED/GCE, this modified electrode was dipped into 0.5% CS acetic acid solution (pH 5.0) and AChE solution for 15 min alternately. The modified electrode was carefully washed with double-distilled water after each dipping step. This sequence was repeated until the desired AChE/CS bilayer number was 4 (as shown in Figure 1 ). In order to get most activity of the enzyme electrode, a AChE membrane was fabricated at the surface. Meanwhile the obtained biosensor of AChE/CS/MWNTs/ CS/ED/GCE was stored at 4 ∘ C in PBS when not in use.
Cyclic voltammetric and amperometric measurements were performed using an electrochemical analyzer CHI800 connected to a personal computer. A three-electrode configuration was employed consisting of a glassy carbon electrode (GCE) serving as a working electrode, a saturated calomel electrode as a reference electrode, and a platinum wire as an auxiliary electrode. A typical amperometric -curve for the biosensor was obtained at +0.3 V (versus SCE). On addition of 60 L 0.1 mol/L ATChCl to 6 mL PBS with stirring, the oxidation current increased steeply to reach a stable value. The enzyme electrode achieved 95% of the steady-statecurrent in 10 s. This rapid response was because the MWNTs promoted electron transfer. For the measurement of carbofuran, the obtained AChE/CS/MWNTs/CS/ED/GCE electrode was first immersed in different concentrations of standard carbofuran solution for 10 min (as shown in Figure 2 ). Then the electrode was transferred to the electrochemical cell of 6.0 mL pH 7.40 PBS containing 1.0 × 10 −3 mol/L ATChCl to study the electrochemical response by amperometriccurve at +0.3 V (versus SCE). The inhibition of pesticide was calculated as follows: Inhibition (%) = 100% × ( 0 − 1 )/ 0 , where 0 was the peak current of ATChCl on AChE/CS/ MWNTs/CS/ED/GCE and 1 was the peak current of ATChCl on AChE/CS/MWNTs/ED/GCE with carbofuran inhibition. Inhibition (%) was plotted against the concentrations of the carbofuran to obtain a linear calibration graph.
Results and Discussion
TCh will be electrochemically oxidized on the surface of GCE under a certain potential; the oxidation process of thiocholine can be described as [9] 
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In the current study, the voltammetric characteristics of thiocholine (an enzymatically generated product of acetylthiocholine chloride) on GCE, ED/GCE, and MWNTs/CS/ED/ GCE were investigated by cyclic voltammetry in the potential range of −0.1∼1.0 V at a sweep rate of 100 mV/s in phosphate buffer. Typical cyclic voltammograms are shown in Figure 3 . The anodic oxidation peaks were observed on GCE (curve A), ED/GCE (curve B), and MWNTs/CS/ED/GCE (curve C) in 5.0 × 10 −3 mol/L TCh solution. The anodic peak current of thiocholine on the MWNTs/CS/ED/GCE ( pa = −61 A) is enhanced one time more than that on GCE ( pa = −29.5 A) and also higher than that on ED/GCE ( pa = −57.5 A). Meanwhile, the overvoltage of thiocholine at the MWNTs/CS/ED/GCE ( pa = 0.35 V) is about 250 mV less than that at GCE ( pa = 0.60 V). The observed low oxidation overvoltage and high anodic oxidation peak of thiocholine at the ED/GCE may attribute to the electrocatalytic activity of MWNTs, which is coming from its edge-plane-like sites at the tube ends [8] . Note that the anodic peak current of thiocholine on the MWNTs/CS/ED/GCE ( pa = −61 A) is Journal of Nanomaterials higher than that on ED/GCE ( pa = −57.5 A). This can be attributed to the electrocatalytic activity of MWNTs adsorbed by CS. It is because there are many free amino groups (-NH 2 ) in molecule chains of CS. At low pH (such as acetic acid), free amino groups of CS are protonated and become -NH 3 + , which can adsorb -COOH − of MWNTs by static gravitation. The processes can be described as Protonating process: CS-
Adsorbing process: CS-NH 3
CS has strong adsorptive ability, and it can adsorb the biomolecules stably. In the present paper, pH of the enzyme solution was kept at 7.40; it was well above the isoelectric point of AChE, which is pH 4.50. The enzyme exists in the form of anion at pH 7.40 [10] , facilitating its adsorption with the CS, which makes it suitably incorporated into multilayers, and the multilayers were constructed.
Carbofuran concentrations were detected from their inhibitory effect on AChE. In different concentration solutions of carbofuran, inhibition rate can be determined after the 10 min immersion of enzymatic electrode. Figure 4 is the curves between inhibition rates and pesticide concentration, and it shows a good linearity between inhibition rates and −log[carbofuran] in the range from 10 −10 g/L to 10 −3 g/L with a detection limit of 1.0 × 10 −12 g/L. To prove the precision and the practicability of the proposed method, the operational stability and the storage stability of the AChE/CS/MWNTs/CS/ED/GCE electrode were also examined. As shown in Figure 5 , when stored at 4 ∘ C in PBS and measured every day, the AChE/CS/MWNTs/ CS/ED/GCE electrode retained about 80% of its original sensitivity after 3 weeks. Both the operational stability and the storage stability of the AChE/CS/MWNTs/CS/ED/GCE electrode were much better than those of the AChE/MWNTs/ CS/ED/GCE electrode for five repetitive measurements. The good stability is attributed to the following aspects: the fabrication process is mild, and no damage happened to the enzyme molecules. On the other hand, the good biocompatibility of CS maintains the biological activity of the enzyme immobilized on the electrode.
Conclusions
In summary, we are proposing for the first time to use CS for developing enzymatic biosensors based on layer-by-layer technique. We integrate the good biocompatibility of CS and the good conductivity of MWNTs together; meanwhile CS also plays an important role in MWNTs immobilization. The results are promising and indicates that the biosensor possesses higher biological affinity to AChE. So the biosensor proposed has good performance in determination of carbofuran.
